We demonstrate a regrowth-free material platform to create monolithic InGaAsP/InP photonic integrated circuits (PICs) with high-gain active and low-loss passive sections via a PL detuning of >135 nm. We show 2.5 µm wide by 400 µm long semiconductor optical amplifiers with >40 dB/mm gain at 1570 nm, and passive waveguide losses <2.3 dB/mm. The bandgap in the passive section is detuned using low-energy 190 keV channelized phosphorous implantation and subsequent rapid thermal annealing to achieve impurity-induced quantum well intermixing (QWI). The PL wavelengths in the active and passive sections are 1553 and 1417 nm, respectively. Lasing wavelengths for 500 µm Fabry-Perot lasers are 1567 and 1453 nm, respectively. insensitive Mach-Zehnder switch using a lattice-matched ingaalas/inalas mqw and deep-etched high-mesa waveguide structure," J. Lightwave Technol. 17(9), 1662-1668 (1999).
Introduction
The InGaAsP/InP heterostructure is one of the most widely used material systems for 1.55 µm telecommunication lasers and photonic integrated circuits (PICs). Numerous methods have been investigated to create an InGaAsP/InP monolithically integrated platform with both active (material with optical gain) and passive (material with low propagation loss) sections. These include butt-joint regrowth [1] , selective area regrowth (SAG) [2] , and quantum-well disordering [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , often referred to as quantum-well intermixing (QWI), in which the quantum well and barrier compositions are interdiffused.
Only QWI can shift the bandgap post-growth, and can thus alleviate complexities arising from regrowth and provide cost savings by avoiding additional growths. Regrowth contamination is unavoidable in most facilities, especially from silicon, which as an N-type InP dopant can be detrimental to correct placement of the p-i-n junction, and hence for efficient carrier injection into the QWs. QWI provides the lowest refractive index discontinuity between active-passive sections as the overall material composition in the waveguide remains the same, while the composition in the QWs and barriers is shifted. This is highly beneficial as reflections caused by refractive index discontinuities make on-chip lasers unstable through unwanted optical feedback.
Many techniques have demonstrated QWI, with varying trade-offs. These include photoabsorption induced disordering (PAID) [3] [4] [5] , inductively coupled plasma quantum well intermixing (ICP-QWI) [6, 7] , impurity-free vacancy disordering (IFVD) [8] [9] [10] , and impurity-induced disordering (IID) [11] [12] [13] [14] [15] [16] [17] [18] [19] . In all methods, defects are diffused through the material with a rapid thermal anneal (RTA) above 600 °C, and the extent of the disordering is measured by the change in the wavelength of the photoluminescence peak (PL).
IID relies on ion implantation of a benign atom, e.g. phosphorous or arsenic, to create vacancies near the QWs. To reduce the implant energy yet still achieve large >100 nm blue shifts, many researchers have implanted without the p-type cladding grown, and then regrow to finish the device [18, 19] . For gratings definition on the waveguide, this regrowth is necessary, however avoiding this regrowth can reduce fabrication time, improve yield, and reduce risks inherent in regrowth near the p-i-n junction. Towards this aim, recent work has demonstrated that higher-order gratings can be successfully fabricated from the top of the laser structure, providing excellent side-mode-suppression (>50 dB), without the need for regrowth [20] .
Early regrowth-free experiments demonstrated maximum shifts of 90 nm for 3 MeV P + ions implanted into an InP laser structure at 7° tilt, whereas 200 keV implants produced <35 nm shifts [12] . The QWs were located 1.85 µm below the upper InP surface, and >1.5 MeV energy was necessary to create any defects near the QWs. However, there are several drawbacks to MeV implants including: a thick dielectric or metal implant mask is necessary to block the implant for nonintermixed regions (e.g. 3 MeV P + simulated with the Stopping Range of Ions in Solids software (SRIM) shows the necessary SiO 2 mask thickness to be >2.75 µm), and the majority of ion implantation vendors only provide single-ionized energies <200 keV. Reduction of ion energy below 200 keV allows for ease of manufacturing, yet angled implants at keV energies can only provide limited bandgap shifts for full laser structures. For example, a 37 nm PL blue shift was demonstrated for the phase and grating sections of a DBR using 100 keV P + at 7° tilt [13] . Some researcher have overcome the ion energy limitation by using doubly charged ions for which a 100 nm blue shift was demonstrated using 360 keV P ++ at 7° tilt [14, 15] . To avoid regrowth with <200 keV implant energy, one solution is to implant deeper using ion channeling. Compared to angled implantation, ion channeling has an increased implantation depth, results in a greater PL shift in the QWs, and has a lower density of nonradiative recombination centers after RTA [17] . Yet, ion channeling is avoided in silicon CMOS and bipolar technology. Angled (i.e. nonchannelized) implantation produces a near gaussian implant profile at the desired depth, whereas channeling creates a broad implant profile that varies with implant angle. For Si CMOS, precise junction placement is achieved via implantation and any angular spread over the sample results in an implant depth variation. However, for PIC applications requiring only two waveguide bandgaps, a high-gain active and a low-loss passive, the implant depth tolerances are much greater than in CMOS. For example, a passive section may simply need to be low-loss with a PL detuned by ~110 nm from the active section. An extreme variation in detuning of as much as 20% ( ± 11 nm) across a wafer due to implant and RTA results in a passive loss variation of only ~1 cm −1 [18] ; this is less than 0.5 dB loss for extremely large 1 mm long passive components. In this case, a material platform with 20% detuning variation in the intermixed regions can be acceptable for many PIC components including: semiconductor optical amplifiers, QW detectors, star couplers and arrayed waveguide gratings, multimode interference couplers, and passive waveguides.
In this paper, we demonstrate that ion channeling, i.e. 0° tilt, can provide this much needed reduction in implant energy for regrowth-free fabrication of lasers with active and passive sections. A blue shift of >135 nm is achieved using a 190 keV phosphorous implant with a subsequent 670 °C RTA for 120 s. This is the largest blue shift yet demonstrated for regrowth-free IID, and greater than the PL shift shown using 7° tilt 3 MeV P + [12] , meanwhile the implant energy used is 15X lower and the anneal temperature is 30 °C below that used in [12] . Previous studies demonstrate the benefits of ion-channeling on intermixing InGaAsP QWs; however, only a 42 nm blue shift is shown and the structure used requires a cladding and contact regrowth [17] . One of the main concerns for regrowth-free processing is diffusion of the p-type Zn dopant during the RTA. To examine the effects of Zn diffusion, we present Secondary Ion Mass spectroscopy (SIMs), passive loss, and active gain measurements from devices fabricated with this method. A thick layer structure is used in the experiment to examine the feasibility of the process at the upper limits of p-cladding designs, where the QWs are placed 2.45 µm from the surface, as shown in Fig. 1(a) . The majority of laser structures will have thinner cladding layers and can use lower implant energy to achieve this detuning. It is important to note that in much of the previously mentioned work [3-7, 11, 12, 14-17], 5.5-6.0 nm In 0.53 Ga 0.47 As QWs with 10-20 nm In 0.74 Ga 0.26 As 0.55 P 0.45 barriers (λ g = 1.26) are used to create narrow wells with a high compositional different between QW and barrier, enhancing the effect of disorder on the bandgap. High composition variation and narrow QWs can provide a larger bandgap detuning, yet they do limit the flexibility and performance compared to the InGaAsP/InGaAsP (QW / barrier) material platform [21] . In this study, 6.5 nm (0.9% compressively strained) In 0.735 Ga 0.265 As 0.845 P 0.155 QWs and 8 nm In 0.735 Ga 0.265 As 0.513 P 0.487 barriers are used.
Methodology
The critical angle for high-energy ion implantation can be approximated by [22] :
where Z 1 and Z 2 are the atomic numbers of the implant species and the target, respectively. E is the energy of the implant, ε o is the permittivity of free space, and d is the atomic separation or lattice constant. From this equation, the critical angle is proportional to the square root of the atomic number. For compounds such as InP, a geometric average of the two species is typically used for Z 2 . For InP, we use 27
In P Z Z Z ≈ = , which leads to a 38% larger critical angle for implantation than for Si. The approximation in Eq. (1) requires an additional correction factor for lower energy implants [23] , such as 190 keV:
where a is the Thomas-Fermi screening radius for P + in InP, 0.11-0.12 Å. We find that the critical angle for ion channeling P + into InP at 190 keV is ~3°. Hence, there is a ± 3° margin for error on the implant while still achieving channeling for the majority of ions.
Results and discussion
The QW structures are grown on semi-insulating (100) InP iron-doped 2" wafers by metalorganic chemical vapor deposition (MOCVD) at 600-650 °C. A 2.5 cm x 2.5 cm sample is patterned with 600 nm of plasma enhanced chemical vapor deposition (PECVD) SiNx and sent for phosphorous implant at 190 keV, 2e15 ions/cm 2 dose with a 200 °C stage temperature, and a 0° ± 1° tilt angle. The SiNx is twice as thick as the implant depth predicted by SRIM simulation, to assure that the active regions are fully protected by the mask and that no vacancies are created in the active region. After implant, the SiNx is removed using BHF and surface defects are removed with a 1 min O 2 descum in a Gasonics remote ashing chamber at 250 °C. Afterward, the sample is dipped in 8% (by volume) phosphoric acid for 2 min and rinsed in deionized water, to remove native oxide formed by the ash, and solvent cleaned to remove acid residue. 40 nm of PECVD SiNx is deposited each side of the sample, and a subsequent 2 min 670 ± 3 °C RTA in N 2 is used to diffuse the vacancies. Afterward, the SiNx is removed using BHF, and standard photolithography and wet-etches are used to define 2.5 µm wide surface ridge lasers with top N-side Ni/AuGe/Ni/Au and P-side Pt/Ti/Pt/Au contacts. The InGaAs is removed between the P-side contacts for electrical isolation, the substrate is thinned to 120 µm for cleaving, and the sample is tested on a thermo-electric cooled copper stage.
The PL of the passive section near the wafer's center is measured at 1417 nm with an adjacent active PL at 1553 nm, as shown in Fig. 2 . The full-width-at-half-maximum (FWHM) and each corresponding PL peak wavelength are listed in Table 1 . For these measurements, the pump laser wavelength is 980 nm with 0.75-1.00 W/mm 2 power at the wafer surface. The higher powers are necessary for clear PL in the passive areas as the PL intensity decreases from the as-grown PL. The higher pump powers in this range account for a 5% increase in FWHM, when tested on the same sample, therefore slight deviations in the FWHM are due to the range of pump powers. There is variation in the passive PL of ± 10 nm over the processed sample area (a 14% variation in total blue shift), whereas the active variation is ± 2 nm, which matches the as-grown wafer. The larger variation in passive PL results from nonuniformity in the ion implantation and the RTA. The RTA has a ~5 °C temperature gradient across the sample with the thermo-couple placed at the center. The largest PL shift occurs at the hotter side of the wafer, indicating that temperature variation in the RTA is more significant than implant variation for samples of this size. The total PL shift from the as-grown sample is 139 nm, with a detuning between the active and passive regions of 136 nm. For comparison to a regrown QWI sample, intermixing is conducted using the well established method described in [18, 19] using a 450 nm InP:UID implant buffer above the QWs, as shown in Fig. 1 (b) . The sample is angled at 7° tilt and P + implanted at 100 keV, 5e14 ions/cm 2 dose with a 200 °C stage temperature. This structure has no Zn doped regions, and provides insight into the channelized defect location and the effect of the Zn doping during intermixing. The PL shift is shown in Fig. 3 , with the FWHM and PL peak wavelengths listed in Table 2 . The InP:UID clad PL shift is 134 nm with a detuning of 120 nm between the active and passive regions, post-RTA. This sample has the layer structure proposed in [18] and designed for post-QWI InP buffer removal and regrowth. The as-grown PL shift of 14 nm during QWI is common for this platform, due to diffusion of surface defects into the QWs, as used in IFVD for bandgap detuning. The regrowth-free layer structure, shown in Table 1 , has only a 3 nm shift during QWI as diffusion of surface defects does not reach the QWs with this thicker structure.
Determining the phosphorous depth after implant is challenging as SIMs cannot differential the implanted P + ions from the phosphorous in InP material structure. Rutherford backscattering spectrometry (RBS) can be used to investigate defect distributions within crystals, but high RBS sensitivity is required to analyze implant induced defects at 200 °C due to in situ diffusion, and low defect concentration often cannot be resolved [16] . Channelized implants are complicated to simulate, and accurate models in use for channeling in Si require large experimental data sets for interpolation. However, angled implants can be simulated with higher accuracy. For the 7° tilt 100 keV P + implant, SRIM predicts a 110 nm mean depth, 53 nm straggle, and a maximum depth of 250 nm. Therefore, in Fig. 3 the implanted ions are >300 nm from the QWs. As shown in Table 1 and 2, the channelized ion implant 2.45 µm above the QWs shifts the PL faster than the angled implant 550 nm above the QWs. After a 30 s RTA, 1429 nm and 1493 nm PLs are observed for the channelized and angled ion implant, respectively. The rates of PL detuning suggests that channelized defects are at an equal or closer distance from the QWs after implant, that is <300 nm. However, doping (Zn vs. UID), defect concentration, defect distribution, and the type of defects formed do influence the diffusion of vacancies for QWI.
Comparing the InP:Zn cladding to the UID cladding, there is a dramatic increase in the FWHM for the InP:Zn intermixed passive sections. The InP:UID sample has no Zn in the structure, and therefore has no Zn diffusion into the QWs during the RTA process. There are two mechanisms for the Zn doping to cause PL broadening. In the first, Zn enhances the monolayer variations in the QW thicknesses. Minor spatial variation in QW thickness is frequently observed during RTA and quantum well disordering [24] . In the second, Zn incorporation in the QWs causes intraband carrier scattering, and leads to homogenous broadening. Fig. 3 . (Sample requiring regrowth) PL shift due to impurity-induced disordering during rapid thermal anneal (RTA) at 670 ºC for InGaAsP/InGaAsP QWs and barriers with 450 nm InP:UID buffer layer, see layer structure in Fig. 1(b) . The Zn doping profiles of the regrowth-free as-grown and passive (after implant and RTA) are examined using Secondary Ion Mass spectroscopy and shown in Fig. 4 . The Zn doping in the InGaAs contact layer has been reduced from 1.5e19 cm −3 to 1e19 cm −3 , and Zn doping has diffused into the separate confinement heterostructure (SCH) and QWs. The Zn doping level in the QWs is ~1.5e17 cm −3 , with Zn doping in the SCH from 1e17 cm −3 to 2.5e17 cm −3 . The Zn doping decreases abruptly to 8e16 cm −3 at the InP-SCH interface; the reason for this dip is unknown yet it has been observed on the SIMS characterization for two additional QWI samples. The Si doping inhibits the Zn diffusion for concentration of Zn below Si, which likely explains why the tail of the Zn diffusion does not extend into the lower cladding with 1e18 cm −3 Si, whereas the SCH with 3e16-1e17 cm −3 Si has a minimal effect [25] . The Zn diffusion is much greater for the implanted samples due to defect assisted diffusion. Without added vacancies present, typical Zn at 1e18 cm −3 concentration in InP diffuses <22 nm at 700 °C for 120 s, using the diffusion constants measured in [26] . Fig. 4 . Secondary Mass Ions spectroscopy of (a) the as-grown regrowth-free InGaAsP/InP material, and (b) passive areas of the regrowth-free material after 190 keV P + implant and subsequent 120 s anneal at 670 °C. The material structure is shown in Fig. 1(a) .
The losses of the passive waveguides are characterized by measuring the transmission |S 21 | 2 of cleaved Fabry-Perot (FP) cavities, as shown in Fig. 5 . The TE polarization of an ASE source is selected with a polarization beam splitter (PBS) and launched into the waveguide using a lensed fiber. The FP response is captured with a second lens fiber and measured on an optical spectrum analyzer (OSA) with 0.06 nm resolution. The |S 21 | 2 response from one of these test structures is shown in Fig. 6 . The average TE mode passive loss from a set of 5 adjacent FP structures with length 1775 µm is 5.5 ± 1 cm −1 , i.e. 2.3 dB/mm; the uncertainty arises from fiber drift affecting the fit of |S 21 | 2 . These passive losses are confirmed by measuring the change in differential quantum efficiency for active-passive (500 µm-700 µm) lasers during cleave-back, with an extracted passive loss of 6 ± 2 cm −1 . The free carrier absorption loss resulting from Zn and Si doping in InP has been reported on in literature [27] . With these numbers, a modal free carrier absorption loss 4 cm −1 is estimated from Rsoft BeamProp simulation using the layers and doping concentrations measured by SIMS, see Fig.  4(b) .
By preventing Zn diffusion into the SCH and reducing the Zn doping to 5e17 cm −3 in the lower half of the p-type cladding, the estimated free carrier absorption losses can be reduced to ~2 cm −1 . Therefore, passive propagation losses would benefit greatly from an optimized doping set-back or super-lattice, to inhibit the p-type doping from entering the SCH layer after the intermixing process. Further investigation is required as super-lattices can be detrimental to intermixing by capturing defects and reducing their diffusion to the QWs. Due to the high doping level in the contact layer, some Zn diffusion out of the InGaAs during RTA is likely, which results in a higher contact resistance in the passive sections. A QWI process followed by regrowth has the potential for less Zn diffusion in the SCH, i.e. lower free-carrier absorption, and additional functionality provided by the multiple growths. A prior study investigated multiple regrowths on a QWI sample with a UID set-back layer, and measured passive loss of 1.8 cm −1 [19] . The trade-off with additional growth steps is the added cost and time involved in loading the samples in the reactor, and the risk of contamination (or reduced yield) at the regrowth interface from silicon (as n-type dopant) and other processing contaminants. As growth is increasingly centralized and wafers shipped away for each growth, minimizing the numbers of regrowths is desirable. Certain PIC designs, such as those involving unitraveling carrier (UTC) detectors or varying QW placement in the cladding [19] , will always require multiple growths, whereas others can be made regrowth-free. The active waveguides are characterized by measuring the large signal gain of an optical mode through a semiconductor optical amplifier (SOA). Three 400 µm SOAs are cascaded serially. For the gain test, the first SOA is reversed biased at −1 V to detect the coupled optical power then it is forward biased up to 2 V to provide gain to this optical mode. The second SOA is reverse biased to detect the gain provided by the first SOA. The electrical isolation between the two sections is >5 kΩ, and current leakage is measured and subtracted from total current in order to measure the optical gain. The measurement uncertainty is ± 2 dB/mm due to fiber coupling drift and current leakage. The optical gain peak is at 1570 nm for a set 25 °C stage temperature. A 1 mW tunable laser is fiber coupled into the test structure, and gain of 40 dB/mm is measured at 6.3 kA/cm 2 , as shown in Fig. 7 . The pulsed lasing of active FP cavities is measured using 1 µs current pulses and a large area InGaAs photodetector. The threshold currents for 500 µm x 2.5 µm lasers at ~1567 nm and 1452 nm are shown in Table 3 . The lasing spectra of the two lasers at 1.1xI th is shown in Fig. 8 . The pulsed threshold current for the intermixed laser is ~2X higher, likely caused by broadening of the gain spectrum and Zn diffusion into the QWs increasing the internal loss through free-carrier absorption. 
Conclusion
We have shown ridge lasers fabricated with a regrowth-free active-passive InGaAsP/InP platform, using a channelized phosphorous ion implantation at 190 keV. The quantum wells are positioned 2.45 µm below the implanted surface, indicating that this process is even suitable for material platforms with thick cladding layers. The active sections have high gain >40 dB/mm, whereas the passive sections have losses <2.3 dB/mm. This process is promising for the creation of large-area regrowth-free PICs, and for rapid optimization of new photonic components where fast processing turnaround time is required. By avoiding regrowth defects and interface contamination, high-yield and high-performance photonic components can be fabricated.
